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Abstract The dependence of optical, electronic and ther-
mal penetration zones on the thickness of nanoscale layers
grown on silicon wafers is reported. Tetrahedral amorphous
carbon (ta-C) and amorphous carbon nitride (a-CxNy) films
were prepared by inverse pulsed laser deposition (IPLD).
Single-pulse modification thresholds for femtosecond laser
processing proved to be dependent on the actual film thick-
ness below 60 nm for ta-C and 90 nm for a-CxNy. The mod-
ification behaviour was governed by multiphoton processes.
An effective penetration depth of the laser radiation in
a-CxNy was of ca. 110 nm in accordance with two-photon
absorption. Both the emergence length of ballistic hot elec-
trons and the heat diffusion length are negligible in these
thin film materials. The lower bulk value of the threshold
fluence of the a-CxNy films as compared to ta-C is mainly
controlled by optical contributions due to nitrogen-related
defects.
1 Introduction
Ultrahigh precision femtosecond laser processing of mate-
rials represents a cutting-edge technology [1–3] in compe-
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tition with electron [4, 5] and ion beam nano-structuring
techniques [6]. In processing nanometer-thin films, not only
the lateral but also—particularly—the vertical in-depth pre-
cision is decisive. The energy deposition by impacting elec-
trons, ions, or by absorbed photons into such nanoscale
materials must be limited to the respective film volume.
Whereas electron beams exhibit ultimate lateral preci-
sion [7] of the order of several 10 nm, the vertically affected
zone and therefore the resolution is only of several microme-
tres, highly dependent on the atomic number [8]. In contrast,
ultimate nanoscale thermal diffusion control in femtosecond
laser processing can minimise the vertical and lateral heat-
affected zone (HAZ) down to the order of 10 nm, depending
on the heat diffusivity and electron–phonon relaxation time
of the respective material [1, 9, 10]. This outstanding prop-
erty is one of the reasons for the breakthrough of fs-lasers
in material machining [1, 11–15]. Near-infrared ultrashort
laser pulses with durations of 5 fs yielded additional ma-
chining precision features based on nonlinear optical cou-
pling and deterministic excitation effects [16–18].
In the regime of nanosecond-pulse laser interactions, the
behaviour of the ablation threshold fluence is controlled by
thermal conductivity processes, i.e. the HAZ or in other





where D is the heat diffusivity of the lattice and τl the
laser pulse duration. The ablation threshold fluence, Fth,
of thin, thermally conducting films on thermally insulating
substrates is lowered when the film thickness h becomes less
than lT (h < lT ). According to this model, Fth increases
linearly with film thickness h for h < lT up to the point
where h = lT , as shown for nickel films processed with
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Fig. 1 Inverse pulsed laser deposition setup
14 ns pulses at 248 nm wavelength [21]. When h > lT ,Fth
becomes independent of h and equal to the bulk material
value [22]. Applying short pulse lengths of τl < 1 ps, the
longer electron–phonon relaxation time τe has to replace the




A thickness-dependent modification fluence threshold using
fs-excitation was interpreted by the heat penetration depth
within the electron gas before electron–phonon relaxation
occurs with single- and multi-shot treatments of thin gold
films on glass [25] and by the penetration depth of laser ra-
diation with multi-pulse treatments of hydrogenated DLC
(a-C:H) films grown by plasma-assisted chemical vapour de-
position on glass [26].
In the present study of fs-laser materials processing, ex-
perimental modification fluence thresholds were used to
characterise the interdependence of optical, electronic and
thermal penetration zones with the thickness of nanoscale
tetrahedral amorphous carbon, ta-C, and amorphous carbon
nitride films, a-CxNy, grown on silicon wafers by inverse
pulsed laser deposition (IPLD).
2 Experimental
Tetrahedral amorphous carbon films, ta-C, and amorphous
carbon nitride films, a-CxNy, were prepared by inverse
pulsed laser deposition (IPLD) (Fig. 1) [27]. The depo-
sition chamber was first evacuated to a pressure of 1.5–
2 × 10−4 Pa, which then was increased to 5 Pa by introduc-
ing high-purity Ar and N2 gas (both 99.999%), respectively.
A graphite target was rotated at 10 rpm and was ablated at
10 Hz repetition rate by KrF laser pulses (248 nm, 20 ns,
7 J cm−2). The laser beam was focused by a 35 cm focal
length lens onto a ∼0.01 cm2 area of the target surface at 45◦
angle of incidence [28]. Films were grown at room temper-
ature on two 8 mm wide polished silicon stripes, fixed onto
a substrate holder in the plane of the surface of the rotat-
ing target. The masked silicon stripes were positioned along
the symmetry axes of the elliptical laser spot (static IPLD,
Fig. 1). The thickness profiles of the layers were measured to
be between 0 and 300 nm using profilometry. Samples with
constant film thickness of 150 nm were deposited on small
silicon substrates fixed to the surface of the graphite target
within the circular ablation track (co-rotating IPLD, Fig. 1).
Using the IPLD setup, two types of films were generated:
a tetrahydral amorphous carbon film, ta-C, and an amor-
phous carbon nitride film, a-CxNy (Ar and N2 gases are in-
troduced into the deposition chamber, respectively). The at-
mosphere in the growth chamber determines the film proper-
ties [29]. A nitrogen atmosphere of ≤ 1 Pa causes a minute
influence on the stoichiometry, the density (ρ > 3 g cm−3),
the conductivity (G < 0.01 −1 cm−1), and the bandgap
Eg ≈ 1.8 eV of the ta-C film [29]. When the nitrogen at-
mosphere is increased above 5 Pa, the stoichiometry rapidly
changes from ta-C to a nitride type, a-CxNy accompanied
by a replacement of C-sp3 by C-sp2 hybridization, result-
ing in a conductivity higher by four orders of magnitude, a
much lower density (ρ < 2.2 g cm−3) and increased rough-
ness and porosity. A 5 Pa nitrogen pressure already results
in a nitrogen atomic fraction of y ≈ 0.26, a density of ρ =
2.15 g cm−3, and a conductivity of G ≈ 335 −1 cm−1. In
contrast, the ta-C type films deposited in argon atmosphere
were classified to contain an sp3 content of about 80% and
thus could be described as ta-C [30]. One may associate the
properties of this type with respective values of the a-C films
grown in 10−5 Pa N2 introduced in the deposition chamber
as described before [29], where the stoichiometry of C is
>96% with G ≈ 0.01 −1 cm−1 and Eg ≈ 1.8 eV (Table 2).
During the processing, the films were irradiated using a
60 fs high-power 11 MHz laser system employing fs-power-
oscillator technology (Femtosource Scientific XL, Femto-
lasers Produktions GmbH, Vienna, Austria) and an 18 W
pump laser. The centre wavelength was 790 nm and the
bandwidth 30 nm. A Pockels cell served for single-pulse
processing. The beam delivery was performed by an optical
microscope (Zeiss Axio Imager.M1) equipped with an xyz
translation stage, through a 63× and a 100× microscope ob-
jective (Neofluar) with a numerical aperture of NA = 0.75.
Dispersions introduced were pre-compensated by chirped
mirrors [31]. The pulse duration was directly determined af-
ter the objective of the microscope by autocorrelation and
was found to be 60 fs. The maximum pulse energy was
205 nJ at the oscillator output and 120 nJ at the sample sur-
face. The pulse energy was controlled by a combination of a
polariser and a half-wave plate.
The irradiated areas were microscopically inspected on-
line. Detailed morphological examinations were carried out
by a scanning force microscope (SFM; NTEGRA AURA) in
contact-mode.
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Fig. 2 Topographies of laser
treated sites on a 150 nm thick
ta-C layer. (a) N = 2000,
F = 0.48 J cm−2, (b) N = 10,
F = 0.28 J cm−2, (c) N = 1,
F = 0.42 J cm−2, (d) N = 1,
F = 0.28 J cm−2
Fig. 3 Cross sections of SFM
measurements for different
modification zones (for
parameters see Fig. 2) on a
150 nm thick ta-C film
3 Results and discussion
A 150 nm thick ta-C layer of constant thickness on a silicon
substrate was exposed to laser pulses using different pulse
energies, E, and different pulse numbers, N . The craters
were evaluated optically with a widefield microscope and
an SFM. Different topographies were observed and typical
types of modifications are shown in Fig. 2 with their cor-
responding cross sections in Fig. 3. Using high pulse num-
bers and high fluences, F , deep ablation craters were ob-
served which exceeded the IPLD layer thickness (>150 nm)
(Fig. 3a). Processing with lower N and F (Fig. 3b and c)
resulted in shallower craters with more pronounced rims
above the surface level. At single-shot experiments with low
F (Fig. 3d), a volume increase probably due to graphitisa-
tion processes with conversion of sp3 to sp2 hybridization
followed by foaming can be observed (cf. [32, 33]). It fol-
lows from this incubation process that multi-pulse experi-
ments are concerned with converted and graphitised mate-
rial, and not with the pristine ta-C material. Therefore the
dependence of Fth on the film thickness is only discussed
for single-pulse treatments.
For high pulse numbers, an ablation threshold has been
determined using the D2–lnE relationship (Fig. 4). In this
technique, the diameter of the modified zones, D, is plot-
ted versus the logarithm of the pulse energy, E, yielding the
Gauss radius, w0, and the threshold energy, Eth [15]:






Precise maximum fluence values in the Gaussian profile, F0,




For low pulse numbers (N ≤ 100), a distinction between
holes deeper than the original ta-C layer and shallow holes
which do not penetrate the silicon substrate was made based
on SFM depth measurements. The ablation thresholds of
30 M. Forster et al.
Table 1 Modification thresholds for the silicon substrate and the ta-C
layer at a constant thickness of 150 nm
Fth(N)/J/cm2
Silicon
N = 2000 0.08
N = 1000 0.08
N = 100 0.12
N = 10 0.15
ta-C film
N = 100 0.11
N = 10 0.12
N = 1 0.14
both the ta-C film and the Si-substrate (Fig. 4) have been
determined (Table 1).
The relation between the single-pulse Fth(1) and the
multiple-pulse thresholds Fth(N) can be described by the
phenomenological model
Fth(N) = Fth(1) · Nξ−1, (5)
where the parameter ξ indicates the degree of incuba-
tion [15]. A value of ξ = 1 is indicative of the absence of
incubation. From a plot using (5) and the threshold values in
Fig. 4, an incubation factor of ξ = 0.86 was derived for the
silicon substrate in good agreement with previous investiga-
tions (ξ = 0.82) [34].
Single-pulse ablation and modification thresholds of the
a-CxNy and the ta-C films were determined using the D2–
lnE relationship in dependence of the film thickness (10–
270 nm and 10–320 nm, respectively). Thickness-dependent
modification thresholds were observed for ta-C films be-
low 60 nm, and for a-CxNy samples below 90 nm (Fig. 5).
The threshold fluences above these thicknesses are around
0.120 J cm−2 and 0.065 J cm−2, respectively. The bulk
threshold value of the ta-C film compares well with the value
of 0.1–0.2 J cm−2 observed by a 40–150 fs laser treatment
on bulk a-C:H films produced by unbalanced magnetron
sputtering [35] and hot filament diode discharge [36].
Multi-pulse incubation leads to more or less strongly
modified optical properties of DLC films (cf. ξ = 0.86)
which cannot be correlated with pristine samples as e.g. at
hydrogenated DLC (a-C:H) films grown by plasma-assisted
chemical vapour deposition on glass [26]. Actually there, the
single-pulse threshold was independent of the film thickness
between 11 nm and 5.8 µm in contrast to the present results
in Fig. 5.
Ablation threshold fluences of the thin films were deter-
mined by SFM and optical evaluation of the modification di-
ameters and by the ablation rates, d , which are the absolute
ablation depth quantified by SFM divided by the number of
Table 2 Summary of parameters of DLC layers
ta-C a-CxNy References
Eg [eV] 1.8 – [29]
2.5–3 ∼1 [41]
ρ [g cm−3] 3 2.25 [29]
G [−1 cm−1] 0.01 335 [29]
Fth (bulk) [J cm−2] 0.1–0.2 – [41]
0.12 0.065 This work
lα (λ = 310 nm) [nm] 30 – [30]
lα (λ = 400 nm) [nm] 670 <330* [37]
lα (λ = 800 nm) [nm] 3000 [30]
16,700 <5000* [37]
lα (λ = 800 nm) [nm] – 110 This work
Number of photons – 2 [37]
*Value for 12% nitrogen; for 26% nitrogen it is supposed to be lower
pulses per spot, N , vs. the logarithm of the fluence (results









with an effective absorption coefficient αeff [15] which is
given by
αeff = α0 + σiNi + αD(N) + αNL. (7)
αeff may include the linear temperature-dependent absorp-
tion coefficient of the pure material, α0, a term σiNi , caused
by light absorbing impurities with a cross-section σi , a
number per unit volume Ni , αD , which takes into account
changes in absorption caused by radiation-induced defects
such as incubation centres as a function of N , and the mul-
tiphoton (nonlinear optical) absorption coefficient, αNL [1].
One can assume that both examined phases exhibit a sim-
ilar pure α0 due to their identical production apart from the
nitrogen addition in case of the a-CxNy film. The second
term, σiNi , will drastically contribute in the case of the high-
nitrogen content species in contrast to the ta-C type. Incuba-
tion contribution needs not to be considered when using only
N = 1, i.e. αD = 0. The nonlinear contribution, αNL, will be
discussed below. Thus, (7) reduces to
αeff ≈ α0 + σiNi + αNL. (8)
The reciprocal value of αeff is an effective penetration depth
of energy density sufficient for evaporation (sublimation),
leff = α−1eff . In the simplest ansatz, Fth can be related to the
sublimation energy volume density, Esub, and leff:
Fth = Esub · leff. (9)
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Fig. 4 Determination of
thresholds for the ablation of the
silicon substrate depending on
the number of fs-laser pulses
Fig. 5 Fth increases linearly
with d for thicknesses d < 60
and d < 90 nm, depending on
the DLC layer properties. When
d exceeds this characteristic
length, Fth becomes
independent of d
The Fth values of the two phases, ta-C and a-CxNy (Fig. 5,
Table 2) at high thicknesses are independent of the film
thickness (0.120 J cm−2 and 0.065 J cm−2). The ratio of




= Esub(ta-C) · leff(ta-C)
Esub(a-CxNy) · leff(a-CxNy) . (10)
When we make the crude assumption that Esub of the two
materials is the same, the Fth ratio becomes simply equal to






Now, the contributions to leff have to be identified accord-
ing to (8). α0 can be assumed similar for the two species.
Radiation penetration depth values derived from low-energy
spectroscopic ellipsometry data can only be correlated with
the defect term, σiNi , because nonlinear contributions, i.e.
αNL, cannot take place in ellipsometric measurements.
At N = 1 on a-CxNy, an αeff of ca. 9 × 104 cm−1 could
be derived from our evaluations by using (6), which corre-
sponds to an effective penetration depth of the laser radia-
tion, α−1eff = leff, of ca. 110 nm. This leff contrasts to a value
of leff < 5000 nm of an a-CxNy film with y = 0.12 mea-
sured at λ = 800 nm [37]. This suggests that in our case of
a-CxNy species with y = 0.26, at least a two-photon process
has to be assumed. The nonlinear contribution, αNL, there-
fore becomes finite. This is supported by a low energy value
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of leff < 330 nm of an a-CxNy film with y = 0.12 mea-
sured at λ = 400 nm, which agrees in the order of magnitude
with leff ≈ 110 nm determined here (Table 2). Therefore, a
two-photon absorption may take place even though linear
processes occur in parallel due to a minor Eg < 1.55 eV,
what should favour one-photon absorption. Also the αNL of
ta-C has to be finite due to higher band gaps of Eg ≈ 1.8–
3.0 eV (Table 2) which are clearly above the applied laser
photon energy of 1.55 eV. Again, a two-photon process may




= σiNi(a-CxNy) + αNL(a-CxNy)
σiNi(ta-C) + αNL(ta-C) . (12)
Since σiNi(ta-C)  σiNi(a-CxNy), the assumption of αNL
(ta-C) ≈ αNL(a-CxNy) would lead to an extremely high
threshold ratio, therefore αNL(a-CxNy) must be greater than
αNL(ta-C), which is supported by the higher band gap of
ta-C in need for multiphoton absorption.
The ablation model of (6) is only based on an optical
penetration depth of radiation, α−1eff , according to the Beer’s
law. The affected zone for modification/evaporation, how-
ever, may not only be constituted by the optical contribu-
tion, α−1eff (7), but also by the additional emergence lengths
of ballistic hot electrons out of the optical absorption zone,
lball, and the heat diffusion length, lT (controlled by τe, (2)),
adding to a total affected zone, ltot:
ltot = α−1eff + lball + lT , (13)
so that (6) can be extended to






In contrast to metals such as gold (cf. [25]), lball  α−1eff
because of the strong electron–phonon coupling in ta-C
and a-CxNy, i.e. low τe. With a carrier diffusivity Dc =
0.2 cm2 s−1 [30, 38, 39] and a τe = 220 fs [30], one cal-
culates lball of ∼2 nm for ta-C. To estimate also lT , one can
calculate a thermal diffusivity D = 0.05 cm2 s−1 with a ther-
mal conductivity of κ = 0.1 W cm−1 K−1 [40] for ta-C films
using the a density of ρ = 3.0 g cm−3 [29] and a thermal ca-
pacitance of Cp = 0.71 J g−1 K−1 [1] according to
D = κ
Cp · ρ . (15)
The electron–phonon relaxation time, τe, for ta-C, was
determined to be 220 fs [30]. With these values, an lT of
∼1.5 nm ( α−1eff ) can be calculated according to (2). Thus,
lball and lT can be neglected and ltot ≈ α−1eff . With (7), ltot
becomes
ltot ≈ (α0 + σiNi + αNL)−1. (16)
When the film thickness h becomes less than ltot,Fth de-
pends on h (Fig. 5).
Since σiNi(ta-C)  σiNi(a-CxNy) and αNL(ta-C) 
αNL(a-CxNy) as stated above (12), ltot(ta-C) should be
greater than ltot(a-CxNy). Therefore an h-dependence of Fth
should be observed at higher h-values of the ta-C film. This
effect however is masked by the simultaneous absorption of
the Si-substrate at low h-values (Fth of ta-C and Si are prac-
tically the same), and its parallel ablation together with the
films (Fig. 5a). The measured overall threshold starts to get
visibly lowered when the silicon cannot be simultaneously
ablated anymore. In the case of a-CxNy (Fig. 5b), the Si sub-
strate stays intact at these parameters because Fth of a-CxNy
is less than that of Si.
4 Conclusions
Single-pulse modification fluence thresholds were used to
characterise the interdependence of optical, electronic and
thermal penetration zones with the thickness of nanoscale
ta-C and a-CxNy layers grown on silicon wafers by inverse
pulsed laser deposition.
The semilogarithmic dependence of the modification
depth on fluence is described by an effective absorption
coefficient. This includes the linear temperature-dependent
absorption coefficient of the pure material, a term mainly
determined by light absorbing impurities, a contribution
considering radiation-induced defects, and a multiphoton
(nonlinear optical) absorption coefficient. An extension of
the Beer’s law in respect to contributions of not only opti-
cal penetration depths but also to an additional emergence
length of ballistic hot electrons, and the additional heat dif-
fusion length, is discussed. The results suggest that both the
emergence length of ballistic hot electrons and the heat dif-
fusion length are negligible in contrast to the nanosecond
laser pulse case where the modification threshold reaches
the bulk value for a layer thickness equal to the thermal dif-
fusion length.
Single-pulse modification thresholds dependent on the
a-CxNy films thicknesses were determined to be below
90 nm. Multiphoton processes govern the modification be-
haviour since linear absorptions of 800 nm photons exhibit
penetration depths >3 µm. An effective penetration depth
of the laser radiation in a-CxNy was of ca. 110 nm in accor-
dance with two-photon absorption.
The thickness dependence of the ta-C film thresholds be-
low 60 nm can be explained by the simultaneous absorp-
tion of the Si substrate and the film, whereas in the case of
a-CxNy the Si substrate stays intact supported by SFM data.
The threshold fluences of the thick films corresponding
to bulk values were 0.120 J cm−2 for ta-C and 0.065 J cm−2
for a-CxNy. Employing the concept that threshold fluences
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can be related to the sublimation energy volume density, the
effective optical penetration depth, and the assumption that
the sublimation energy volume densities are the same, the
threshold ratio becomes equal to the ratio of the respective
penetration depths which are mainly determined by optical
contributions of defects.
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